Cystic fibrosis (CF) is an autosomal, recessively inherited disorder caused by defects in the gene encoding for the cystic fibrosis transmembrane conductance regulator (CFTR), a cyclic adenosine monophosphate-regulated chloride channel located in the apical surface of the exocrine epithelia. Pulmonary disease is the major cause of CF morbidity and mortality. The recurrent respiratory infections and inflammation result in progressive parenchymal disruption, bronchiectasis, and ultimately death from respiratory failure (1) . CF remains a strong candidate for gene therapy. However, in clinical trials thus far with several different nonviral vectors (mainly comprising liposomes), gene transfer efficiencies were insufficient to anticipate any clinical benefit (2) . Various strategies are undergoing investigation to improve gene delivery to the lung, including alternative delivery systems and genetic constructs for improved expression and immunogenicity. A further priority involves developing methods of administration by inhalation to ensure the maximal deposition of vector formulations to the conducting airways, the region of highest expression of endogenous CFTR and the primary target for gene therapy in CF pulmonary disease.
Aerosol delivery provides the most practical means to administer CF gene therapy vectors and radiopharmaceuticals to the respiratory tract, but the choice of nebulizer, the formulation, and the airflow rate, among other factors, can all affect the site and efficiency of delivery. Aerosol particles with an aerodynamic diameter of 1 to 5 mm can be inhaled into the airways, with smaller particles penetrating to the alveoli, and the larger particles penetrating to the trachea. Therefore, achieving the right size is critical (3) . Aerosolized radioactive tracers are routinely used in the clinical setting to assess lung function and to detect early pulmonary damage or dysfunction, which are particularly useful both diagnostically and prognostically for young children with CF (4) . Because these radiological techniques are already well-established clinically, they provide potentially transferrable tools to monitor gene delivery to the airways.
In this study, we investigated the deposition of nebulized receptor-targeted nanocomplex (RTN) in the airways of juvenile pigs. The RTN formulation comprises cationic liposomes, a receptor-targeting peptide and plasmid DNA that self-assembles electrostatically to form cationic nanoparticles of approximately 150 nm (5) . We previously tested this vector system for the transfection of airway epithelial cells in vitro and in vivo in murine lungs and tracheas via instillation and nebulization (5) (6) (7) . Pigs are used widely in preclinical studies, because their lung physiology and anatomy are closer to those of humans than are those of small rodents, and their size allows for regional studies of nebulized deposition within the lung after inhalation.
We first assessed the distribution of the nanocomplexes mixed with technetium (Tc)-99m albumin (nanocolloid) and aerosolized by the AeroEclipse II BAN Jet Nebulizer (Trudell Medical International Europe Ltd.) in the next-generation pharmaceutical impactor (NGI). This seven-stage cascade impactor allows aerosol particle size to be estimated, thus enabling a prediction of the site of lung deposition of nebulized particles according to their terminal settling velocities, depending on their aerodynamic diameters (i.e., specific density, shape, and gravity) (8) . Subsequently, we monitored the deposition of Tc-99m RTNs in pig airways by scintigraphy, and compared that deposition with the distribution of plasmid DNA according to real-time PCR. Reporter gene expression was evaluated in lung-tissue sections by immunohistochemistry to identify transfected cells. The presence or absence of inflammatory markers attributable to RTN nebulization and the cell count were assessed in the bronchoalveolar lavage (BAL) from the accessory lobe of the pig right lung, as well as in the hematoxylin and eosin staining of lung tissue sections.
MATERIALS AND METHODS

RTN Suspensions and In Vitro Distribution
RTNs were prepared as described elsewhere (5) , whereas radiovectors were prepared by adding Tc-99m albumin (nanocolloid; Tc-99m Alb) to the nanocomplexes. The distribution of RTNs was assessed in cell culture and then in vivo. The suspensions of nanocomplexes were nebulized through the NGI. The RTNs deposited in the various stages of the equipment were used for cell transfections and radioactivity detection. The log-probability graphs obtained were used to determine the particle-size distribution of the aerosolized suspension (9) . Further particulars are available in the online supplement.
Animals and Functional Studies
All animal procedures were approved and licensed by the United Kingdom Home Office. Eleven Large White weaner pigs were acclimatized and divided into three cohorts (Table 1) . One control pig received a computed tomography (CT) scan, whereas control B1 and B2 pigs and animals of both cohorts underwent baseline scintigraphies to define the contours of their lungs, after the administration of approximately 63.5 MBq of Tc-99m albumin macroaggregates (MAAs) intravenously. After 2 days, all animals were intubated without mechanical ventilation. The control pigs were nebulized with either H 2 O or Tc-99m Alb, the animals of the first cohort were treated with RTNs alone, and the second cohort was treated with RTN-Tc-99m Alb. Those receiving Tc-99m Alb underwent scintigraphy scans immediately after nebulization.
We used different methods to define the regions of interest (ROIs) and analyze the aerosol deposition in pig lungs. The assessment of airway versus parenchymal deposition was performed by calculating the centralperipheral deposition (C/P) ratio of Tc-99m activity in the aerosol scan, normalized to the activity in the perfusion scan (representing lung volume) (10) . The method used was taken from Bennett and colleagues (10) and Biddiscombe and colleagues (their Method 5) (11) . A second strategy was applied, defining five ROIs, including the trachea-main bronchi, apical, middle, and diaphragmatic areas of the lungs and a background/scatter. Further details are presented in the online supplement.
Gene Expression In Vitro and In Vivo
Small aliquots of RTNs and RTNs coassociated with Tc-99m Alb that were nebulized in animals were tested for their ability to transfect epithelial cell lines in vitro.
On Day 3 after nebulization, blood samples were taken from the pigs before culling, immediately after which the BAL was collected from the fourth lobe (accessory) of the right lung, using a clinical-grade saline solution. Whole BAL was used for cytology, whereas BAL fluid was analyzed for TNF-a and IL-6.
Pig tissues were collected from the remaining lobes of each lung (cranial, middle, and caudal, respectively). For sampling purposes, the apical lobe of the left lung was considered as two separate segments (cranial and middle). All tissue samples, with the exceptions of bronchioles and the trachea, were taken from areas proximal to the main bronchi branching. All tissues were snap-frozen in liquid nitrogen and stored at 280 8 C until required for plasmid DNA and RNA analysis.
Samples for histology were fixed in 4% paraformaldehyde and processed as previously described (12) . Histological sections were stained for b-galactosidase or hematoxylin and eosin.
RESULTS
Comparison between Transgene Expression and Radioactivity after Nebulization of Tc-99m-Coassociated RTNs in a Next-Generation Impactor
The aerosol generated from the AeroEclipse containing the RTN formulation, mixed with Tc-99m albumin (nanocolloid), was pulled through the prechilled NGI, operated at an airflow rate of 15 L/ minute. The material deposited in the different NGI stages was tested for radioactivity, using a microplate liquid scintillation counter, and was tested for plasmid DNA content through its ability to transfect the two epithelial cell lines, normal bronchial (16HBE14o2) and cystic fibrosis bronchial (CFBE41o2) (Figure 1a ). The transfecting RTNs and the radioactivity counts were both found predominantly in stages 2-6 of the NGI. Although the nanocomplexes were not directly labeled with the radiopharmaceutical, the anionic albumin is likely to interact electrostatically with the cationic RTNs, and so the coassociated complexes share a similar pattern of deposition. In fact, the geometric size and the z potential (electrostatic charges) of the suspension containing both RTNs and Tc-99m Alb were 238 6 2.5 nm and 42.3 6 1.4 mV, respectively, whereas the average geometric size and the surface charge of the Tc-99m Alb (nanocolloid) alone were 150.4 6 27.2 nm and 213.7 6 1.1 mV, respectively. The scheme of the study summarizes details of animals included in each group, their sex and weight, the radiopharmaceuticals administered, the material nebulized, and the type of scans performed.
The RTNs on their own were measured at 150.0 6 1.5 nm and 57.6 6 0.8 mV, respectively.
In Figure 1b , the distribution of the material collected from different stages of the NGI is represented as a log-normal graph, where the y axis indicates the aerodynamic diameter, and the x axis indicates the percentage of RTNs deposited below a certain size diameter cutoff. The aerodynamic cutoff size is defined as the aerodynamic size above which a particle is aerodynamically unable to enter a stage of the impactor (9) . The radioactivity associated with RTNs retrieved from the different NGI stages, or the amount of DNA from the same collection cups, measured indirectly by its ability to transfect cells in vitro, was used to calculate the mass median aerodynamic diameter (MMAD) and geometric standard deviation (GSD), parameters that provide indications of the central tendency of particle distribution and the spread of nanocomplexes. MMADs and GSDs were determined as described elsewhere (13) . The MMADs were 2.91, 3.08, and 3.81 mm, with GSDs of 1.68, 1.81, and 2.25 mm. These values were not statistically significant according to ANOVA calculated with Stata software (Stata Statistical Software: Release 11; StataCorp, College Station, TX). Taken together, these results indicate that RTNs mixed with Tc-99m albumin could represent the distribution of the nanocomplexes themselves by aerosolization in vivo in a porcine model.
Imaging of Pig Lungs by Scintigraphy and Computerized Tomography
Lung perfusion scans. Lung perfusion scans were performed in pigs with Tc-99m albumin MAAs, including two control pigs and the two cohorts of four pigs each ( Table 1 and Table E1 in the online supplement). The lung perfusion scan was performed to provide a visual assessment of the distribution of radiopharmaceutical in both lungs, and to assess lung function before the aerosol administration of RTNs coassociated with Tc-99m Alb. In all pigs, lung perfusion scans were assumed to represent a uniform distribution of tracer in the lungs, with a variation in intensity across the lung fields on the two-dimensional image primarily attributable to the varying thicknesses of lung tissue represented by each pixel in the image (Figure 2) .
Aerosol deposition scans. The respiratory rate of resting/ anesthetized pigs varied from 24-36 breaths per minute (Table  E1 ), similar to the breathing frequency of children 1-3 years of age. The breath depth was sufficient to inhale the aerosols produced by the AeroEclipse nebulizer in breath-actuated operational mode without any further assistance, suggesting that sufficient negative pressure was generated in the nebulizer during inspiration to activate nebulization.
The lung aerosol deposition scan of the control pig receiving Tc-99m albumin nanocolloid showed a distribution of radiotracer in both lungs similar to that in the treated animals ( Figure 2A ). The ROIs delineating central versus peripheral lung areas ( Figure  3A and Table 2 ) were first considered, because this is the standard way in which aerosol deposition is classically analyzed in humans (10, 11) .
Chest CT scans were acquired from the control pig, and the tomogram recorded was used to detail the anatomy of the porcine lungs. Frontal, sagittal, and cross-sectional images at different levels of the body showed substantial differences from human anatomy, mainly including the cardiac notch and the accessory lobe right in the middle of the central region ( Figure 3B ). The bottom end of the endotracheal tube can also be clearly seen in both frontal and sagittal planes of the first CT image.
Additional ROIs considered more informative for assessing aerosol deposition in the porcine lungs were drawn ( Figure  3C ). The lung scans of the four pigs of the second cohort that received Tc-99m Alb RTNs showed significant deposition of the radiopharmaceutical in the distal portion of the trachea and the region proximal to the main bronchi and in the midzone of both lungs (Figures 2A, 3A , and 3C). A relative quantification of radioactivity within the ROIs around the trachea-main bronchi and the upper, mid, and lower zones of each lung, drawn in the anterior and posterior views, confirmed this finding, showing much higher counts from the trachea-bronchi and midzones in comparison with the upper (apical) zones of the lungs (Table were mixed with the radiopharmaceuticals (0.5 MBq/mg DNA) before nebulization. After aerosolization, an aliquot of nebulized material was collected and added to the scintillant fluid, and radioactivity was promptly read in a scintillation counter calibrated for technetium (Tc)-99m. Radioactivity was expressed in counts per minute (cpm). Another aliquot of the same volume was added to OptiMEM (Invitrogen) medium in the cell-culture wells. After 48 hours of incubation, luciferase expression was measured. Luciferase activity was quantified as relative light units (RLU) per mg of protein. The error bars represent the standard error of the mean of n ¼ 4 (albumin nanocolloid) independent experiments. Thr, throat; S1-S8, stages 1-8 of the next-generation impactor (NGI). S8 involves the micro-orifice collector. (b) The aerodynamic size distribution of RTNs through the NGI was described in a log-normal distribution plot. Each data point is a mean of four independent experiments, determined either as radioactivity counts from the RTNs collected in the different stages, or as transfection efficiency values as a measure of the amount of DNA present in the nanocomplexes. Each data point in either plot indicates the percentage of RTNs retrieved in the NGI stages whose size cutoff was less than the indicated diameters, according to Marple and colleagues (52).
2). The lower (diaphragmatic) zones also showed a considerable amount of counts, probably because of the mass volume of lung tissue and the peculiar dichotomic bronchial bifurcation pattern in pigs ( Figures 3B and 3C ).
In Vitro Efficacy of RTNs and Radiovectors Used for In Vivo Nebulization
Aliquots of RTNs and Tc-99m Alb RTNs (after the decay of radioactivity) were tested for their ability to transfect airway epithelial cell lines in vitro. Prenebulization suspensions provided comparable transfection efficiencies in both 16HBE14o2 and CFBE41o2 cells ( Figure 4A ). Radioactive and nonradioactive RTN suspensions, remaining in the nebulizer chamber upon completion of the aerosolization in vivo (leftover), were also tested for their ability to deliver the reporter gene. These results confirmed that both before and after nebulization, suspensions contained efficient delivery vectors, which retained their transfecting activity at least several weeks after being used in vivo.
Quantitative Analysis of pCpG-Free lacZ in Airway Tissues
The biodistribution of the plasmid (copy number) was quantified by real-time PCR in airway tissue samples from different regions of the lung in each animal. In the four animals of the first cohort, which received nonradioactive RTNs, the transgene copy numbers were highest in the first bifurcation of the bronchi, in the subsegmental bronchi, and in other parts of the middle lobes, whereas fewer plasmids were detected in the caudal (diaphragmatic) and cranial (apical) lobes ( Figure 4B, top) . In the second cohort ( Figure 4B, bottom) , which comprised pigs nebulized with radiovectors, the delivered transgene was detected predominantly in the middle lobes, but also in the cranial and caudal lobes, and in the trachea of one pig. No plasmid was detected in samples analyzed from control pigs.
The samples from the same lung regions positive for plasmid copy number among pigs of the first cohort (treated with RTNs) and second cohort (aerosolized with radiovectors) were analyzed further for gene expression. Mucin 4 (Muc4) and a-tubulin acetyltransferase (a-TAT) were chosen as housekeeping genes, because both are expressed in the respiratory epithelium. Despite the low amount of transgene delivered, seven of these samples displayed increased b-galactosidase mRNA concentrations relative to a-TAT, whereas only one was positive for both Muc4 and a-TAT ( Figure E1 ). The first three samples belonged to the RTN-treated cohort (A1, A2, and A4, respectively), and the last four belonged to those nebulized with Tc-99m RTNs (B1, and two samples in B2 and B3).
Immunohistochemistry and Histology
Ciliated epithelium in the distal trachea and bronchi of two animals in the first cohort ( Figure 4C , left) stained positively for b-galactosidase activity, with no staining in the underlying basal epithelial cells. Samples of lung tissue from the respiratory tract were also assessed for any adverse effects after the nebulization of RTNs. Histological sections showed normal mucus, healthy pseudostratified columnar ciliated epithelium, and intact subepithelial connective tissue ( Figure 4C, right) .
Analysis of Inflammation and Toxicology Testing
Previous clinical trials reported that the administration to the airways of a cationic liposome, GL67, complexed with plasmid DNA, caused febrile flu-like symptoms and inflammation in some patients (14, 15) , which may have been caused by the plasmid DNA. Therefore, to reduce the potential for an immune response to the bacterial part of the plasmid DNA and to avoid rapid silencing of the transgene (16, 17) , a pCpG-free LacZ plasmid was used. The plasmid, devoid of unmethylated 29deoxyribocytosine-phosphate guanosine (CpG) dinucleotides, carries an Elongation Factor-1a promoter to provide prolonged gene expression in vivo (18) .
High concentrations of proinflammatory cytokines were previously reported in patients receiving GL67 formulations (14) . Those cytokines also fluctuate in pigs under inflammatory conditions (19, 20) . Therefore, IL-6 and TNF-a were measured in the BAL fluid. The concentrations detected for both cytokines were similar for the treated cohorts and the control pigs ( Figures  5A and 5B) , and in all the cases were within normal range. Furthermore, blood concentrations of C-reactive protein (Table E2) , which normally rises in response to acute inflammation or infection, as measured in plasma samples before treatment and at the time of necroscopy (Day 4), were normal.
Cytology, performed 4 days after nebulization on the BAL of the accessory lobe of the pigs, demonstrated that the vast majority of cells were alveolar macrophages and monocytes at different stages of differentiation ( Figure 5C ). The percentages of lymphocytes were approximately 8.5% and 12% in both cohorts, respectively (Table 3) , which is within the normal range of healthy pigs (21, 22) . No statistical difference was found between the two groups of treated animals according to unpaired t test analysis. Very low numbers of neutrophils were detected in BAL samples from all animals, suggesting the absence of an inflammatory response.
Blood samples were collected before and after treatment, and on Day 4 before culling, and hematological and biochemical parameters were assessed for any adverse effects related to treatment. Generally, the white cell count was above normal range, both before and after treatment (Table E2) , and did not demonstrate significant fluctuations after treatment. Kidney function parameters, such as creatinine, also appeared to be within normal limits. Concentrations of liver enzymes, such as alkaline phosphatase and aminotransferases (Table E2) , were found to be high in most cases before and after the baseline scans and the nebulization of nanocomplexes in both treated and control animals. The elevation of serum hepatic enzyme activities has been reported after isoflurane anesthesia (23, 24) , and rarely with injected ketamine (25) . However, other liver function tests such as albumin and bilirubin were within reference limits.
Small abscesses were found in the neck of a control pig (B1) and in the hind leg of one of the animals from the second cohort (B2) during postmortem examination. Pig B2 exhibited a high white cell count before the study (36.4 3 10 9 cells/L) that increased significantly after the study (43.9 3 10 9 cells/L), as well as neutrophilia detected before and after treatment, consistent with a preexisting infection, but probably associated with the abscess rather than with the treatment. Blood results were not available for control pig B1.
DISCUSSION
Clinical studies to date suggest that the efficacy of gene therapy in adult CF patients with advanced pulmonary disease may be compromised by the impenetrable mucus layer and the inflammatory environment within the lung. Therefore, gene delivery may be more effective in children before the onset of significant lung disease. Repeated delivery to the lungs of children with CF will be necessary, because plasmid-mediated gene transfer is transient and this would be best achieved by nebulization of the vector formulation. However, to monitor the delivery process will be essential, to ensure that the vector is deposited in appropriate areas of the lung where target cells are located (i.e., those that normally express the highest concentrations of CFTR). The chloride channel is mainly expressed in the epithelial cells lining the conducting airways from the trachea to bronchioles. Aerosol properties, such as droplet size and velocity, affect distribution in the lung, and these aerosol properties may be determined and controlled by the parameter settings of the nebulizer and the type of device used. An effective imaging strategy that reflects the distribution of a nebulized vector could therefore exert a profound impact on the clinical management of patients with CF undergoing gene replacement therapy. This study sought to assess the distribution of a single dose of a nebulized gene therapy vector formulation in the porcine airways in combination with a Tc-99m radiopharmaceutical, characterizing the deposition of radiovectors by g-camera scintigraphy.
The different regions of the lungs that showed higher radioactivity counts from the radiopharmaceutical also showed a higher number of tissue samples that were positive for the presence of the transgene, as detected by real-time PCR, with the exception of the trachea and the bronchioles. The distribution of radioactivity was compared with the localization of the transgene, as determined by real-time PCR, in tissue samples taken from different regions of the lung, to assess whether the radiocompound and the delivered gene were colocalized, and thus to assess the potential of this approach for noninvasively monitoring vector deposition in patients. Although mechanical simulators are available (26) , and despite variations in the aerosol deposition because of the structure of the respiratory tract (27, 28) , porcine models are used extensively for pediatric respiratory research and beyond (29) (30) (31) . The porcine respiratory system was selected for these experiments because it resembles that of humans in terms of anatomy, physiology, biochemistry, and size (32, 33) . Therefore, it provides a better model than small rodents for assessing the clinical potential of gene delivery vectors and their possible use for therapeutic interventions in CF. The animals were intubated, thus negating the differences in the upper airways between pigs and humans. Under these conditions, pigs are more likely to represent what happens in humans. In addition, CF pig models have been generated recently and their phenotyping and clinical features have been evaluated (33) (34) (35) (36) (37) (38) (39) (40) , which may be useful for gene correction studies of CF.
The experimental strategy involved preparing RTN vector suspensions, as previously described in studies of gene delivery to the murine lung (5, 6) , and mixing them with the radiopharmaceutical Tc-99m Alb. These formulations were nebulized through an AeroEclipse II BAN nebulizer in an NGI to determine the aerodynamic characteristics of the RTN aerosol. The distribution of the radiocompound and of the plasmid DNA in Definition of abbreviations: C, central; Ctrl, control; ND, not determined; P, peripheral; Tc-99m, technetium-99m.
The normalized central/peripheral count ratios were calculated considering the perfusion scan as lung volume. Relative percentages of the Tc-99m radiopharmaceutical in different areas of pig lungs were also determined. B1-B4 indicate animals belonging to the cohort treated with Tc-99m albumin nanocolloid receptortargeted nanoparticles, whereas Ctrl B2 is a control pig. each stage of the NGI was assessed. The different datasets showed that the distribution of DNA (transfection) was similar to that of Tc-99m Alb, with roughly 50% of both transfecting nanocomplexes and radiopharmaceuticals deposited between stages 4-6 of the NGI (1.36-3.30 mm), indicating an aerosol with an optimal aerodynamic size for mid-lower airway distribution.
Pigs first underwent a lung perfusion scan with MAAs to acquire a baseline scan of the lungs. After 48 hours, animals were intubated and nebulized with either the radiopharmaceutical alone, or the RTNs on their own, or the RTNs coassociated with the radiopharmaceutical (the "radiovector"). No significant changes in breathing pattern during the nebulization were observed. The depth of breathing was sufficient, in more than 90% of breaths, to activate the AeroEclipse nebulizer to generate an aerosol in response to inspiration.
Immediately after nebulization, scintigraphy scans were acquired, showing that the radiovector was deposited predominantly in the midthoracic regions of the porcine lungs. The g-scintigraphies were analyzed according to a relative quantification method, because the images acquired and the shape of the structures involved did not lend themselves to accurate absolute quantification. Although three-dimensional images, which better define the anatomical locations, would allow a more sensitive discrimination of the aerosol deposition (41) , conventional planar methods provide reasonable qualitative results (42) . In three out of four pigs (and in the control pig), the normalized central versus periphery (C/P) ratios were higher than 1, indicating that some enhancement of aerosol deposition occurred in the central airways with either radio-RTNs or Tc-99m albumin on its own. One animal showed a significant preferential deposition in the right lung, whereas another did not show central deposition.
The average values for C/P ratios in the second cohort were 1.22 and 1.30 (left and right lungs, respectively), and were therefore similar to those of the control pig. Relative quantification has limitations (e.g., the tissue around the chest was considered as uniform), but the radioactivity in the bronchus may have been underestimated, in comparison with the rest of the lung, because it is located centrally, underneath the heart and the breast bone (which comprises a higher attenuating material). However, the relative quantification method minimizes this attenuation error. The midzones and diaphragmatic areas of the lungs exhibited higher radioactivity counts.
A poor correlation of imaging and molecular data from the trachea was evident, which may be associated with the process of intubation and/or the effects of the anesthetics. Although the endotracheal tube would allow efficient inhalation of the nebulized RTNs, and minimizes reflux of the radiocompound into the environment, some aerosol condenses in the tube, and on withdrawal may flow from the tube into the trachea, producing a stronger scintigraphy image. Therefore, only the distal portion of the trachea, the lining among the apical lobes of the lungs, and the area proximal to the primary bronchi were included in the quantification of radioactivity. Moreover, ketamine, although providing mild anesthesia with relatively normal breathing capability (43, 44) , causes an increased production of mucus and saliva (45, 46) , which may have promoted the mucociliary clearance of either the nanocomplexes or the Tc-99m RTNs from the trachea. Although atropine should counteract this effect (47) , the amount used might not have been sufficient.
LacZ reporter gene delivery to the airways by either RTNs alone or by radiovectors was detected by real-time PCR in tissues of seven out of eight treated animals. The plasmid delivered was found mainly in the bronchial segments and in the midregion of the lung (the proximal main bronchi bifurcation), which correlated with the distribution of radioactivity. Despite the high radioactivity counts in the trachea, plasmid DNA was found in only one animal. Tissue sections from the bronchi and trachea (in pigs 4 and 6) showed some positive b-galactosidase immunostaining in the ciliated epithelium. Although this study was designed to focus mainly on methods of administration and the biodistribution of the RTN radiovector, rather than on optimizing transfection efficiency, we were encouraged to find significant levels of transgene expression in the conducting airway ciliated epithelium at the relatively low dose of plasmid DNA administered. The pigs were nebulized with a 6-ml suspension containing only 1 mg of pCpG-free lacZ DNA, in contrast with a recent report where gene transfer to the lungs of sheep was mediated by a liposome containing polyethylene glycol (GL67), administering 20 ml of the formulation containing 52.8 mg of human CFTR plasmid DNA (48) .
The preliminary safety evaluation was encouraging, with normal BAL cytology and inflammatory profiles for TNF-a and IL-6 among all animals, and no signs of inflammation detectable by histological staining. These results suggest that the acute inflammatory response, if any, was mild and had resolved at the time of necropsy on Day 4. Hematological and biochemical analyses The cell composition of the BAL from the porcine accessory lobe was assessed, and the cell populations in each specimen were expressed as percentages. The cellular composition of BAL in treated animals was comparable to that of normal pigs. of blood samples also showed no evidence of toxicity caused by the treatment. Variations in cytology were not attributable to the treatments. There was no apparent nephrotoxicity. Although anesthesia can affect concentrations of liver enzymes, in our case, those parameters were altered before the therapeutic interventions, and albumin and bilirubin were within normal limits, suggesting that the liver function tests were normal. Further toxicological studies will be required for higher doses of RTN formulations and repeated dosing.
A subsequent study suggested that RTNs coassociated with Tc-99m diethylene-triamine-penta-acetic acid provided higher transfection efficacy than Tc-99m albumin (data not shown), and so might be better in clinical use. Further investigation in this direction will be necessary because the nebulized Tc-99m diethylenetriamine-penta-acetic acid can be released rapidly across the alveolar-capillary barrier, diffusing into the blood vessels and entering the circulation, and therefore despite its fast renal clearance (49) , the interpretation of lung deposition by scintigraphy may be more difficult (50, 51) .
In conclusion, we have shown that RTN radiovectors can deliver genes to the airway epithelium by nebulization, and their distribution can be monitored via a nuclear medicine approach. The radioactivity and plasmid distribution patterns suggested deposition in the conducting airways, and moreover suggested that scintigraphy is a suitable technique for monitoring nebulized gene therapy vector distribution. The data also suggest that the methodology for analyzing the tracheal distribution of radioactivity and plasmid copy numbers requires further refinement to overcome artifacts of deposition and tissue sampling. RTNs demonstrate the features of safety, distribution, and immunogenicity desirable for clinical use. Such characteristics are essential in the clinical application of CF gene therapy.
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